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• Tested collision avoidance strategies between middle-aged children and adults • Minimum Predicted Distance (MPD) is a metric describing risk of collision over time • MPD can be used to predict future collisions in middle-aged children • MPD is consistently lower when a child is involved compared to adults • Regardless of age the walker passing second contributes more to MPD than walker one Abstract:
Background:
Collision avoidance between two walkers involves a mutual adaptation to speed and orientation in order to successfully avoid a collision. Minimum Predicted Distance (MPD) is the distance at which two walkers would collide if their speed and path trajectory were maintained at first sight of one another. MPD has been used to describe the risk of collision and its evolution over time between two adult walkers when on a collision course. Middle-aged children have been shown to have poor perception-action coupling during static and dynamic collision avoidance tasks. Research has yet to examine whether perception-action coupling deficits persist in a dynamic collision avoidance task involving a child and another walker.
Research Question:
Can the metric MPD(t) be used to examine collision avoidance strategies between children and adults?
Methods:
Eighteen children (age: 10± 1.5 years) and eighteen adults (34 ± 9.6 years) walked along a 12.6 m pathway while avoiding another participant (child or adult). Groups of three children and three adults were recruited per session. Trials were randomized equally such that each adult interacted with another adult 20 times, each child interacted with another child 20 times, and A C C E P T E D M A N U S C R I P T each adult interacted with a child 21 times, for a total of 141 trials. 3D kinematic data of each participant's head was recorded using the Vicon system.
Results:
The results demonstrated: (1) MPD(t) can be used to predict future collisions in children,
(2) MPD(t) is an absolute measure that is consistently lower when a child is involved compared to two adult walkers, (3) the individual passing second, even when it is a child, contributes more to MPD(t) than the walker passing first.
Significance:
It appears children have developed adult-like strategies during a collision avoidance task involving two walkers. Body anthropometrics should be considered when determining collision avoidance strategies between children and adults.
Introduction:
Vision is the primary sensory system to provide rich environmental information at a distance to determine appropriate collision avoidance strategies with obstacles [1] [2] . Visual information in the form of optic flow informs observers about their rate and direction of movement within an environment as well as the movement of an environment relative to them [3] . In addition, retinal expansion of an object can be used to estimate an individual's timeto-collision (TTC) with an obstacle by detecting velocities and angles [4] . TTC can be predicted between two walkers up to 10 seconds prior to contact based on gaze angles, becoming more accurate as contact time decreases [5] [6] . Visual information is then used to alter one's locomotor behaviour to successfully avoid an approaching obstacle. When considering collision avoidance between two walkers, TTC does not consider the mutual adaption required between the two walkers to successfully avoid one another.
Collision avoidance strategy between two adult walkers is the result of mutually controlling their Minimal Predicted Distance (MPD) [7] . MPD accurately predicts the distance at which two walkers would collide if their speed and path trajectory were maintained at first sight of one another [7] [8] [9] . MPD calculation can be broken down into three successive stages: 1) observation phase, first sight of one another and MPD is low (i.e., a change in speed and trajectory is required in order to avoid a collision); 2) reactive phase, both individuals adapt their speed and trajectories to avoid a collision (i.e., MPD increases to 1.0m between the centre of the two young adult walkers [7] ); and 3) regulation phase, the maintenance of MPD (i.e., the two walkers ensuring a collision does not occur).
Collision avoidance between two young adult walkers on a 90 degree collision course also involves role-dependent strategies. The decision of which walker crosses in front is mutually determined by the two walkers' path trajectories and velocities, which involves one walker increasing or maintaining their velocity to cross first while the other walker reduces their velocity and/or orientation to cross second [8] [9] . The mutual interaction between two walkers is dependent on the visual information perceived by the two walkers allowing for successful collision avoidance behaviours [10] . By 8-12 years old children are expected to be cognitively developed and have adult-like postural control during locomotion [11] . Obstacle avoidance behaviours in children reveals high variability and different adaptive strategies compared to young adults [12] [13] . During obstacle circumvention tasks, children alter their gait patterns just prior to reaching the obstacle whereas adults make anticipatory adjustments well in advance to the obstacle [13] . Moreover, children are highly variable with their avoidance behaviours and require a larger safety margin during obstacle avoidance tasks such as passing through apertures [14] [15] . Variability in obstacle
avoidance behaviours may be due to an underdeveloped neuromuscular and/or cognitive systems [16] . It appears that middle-aged children have not fully developed adult-like obstacle avoidance strategies. However, these results have focused on children's collision avoidance strategies with respect to stationary obstacles and there is a lack of research regarding collision avoidance strategies of an approaching walker. Although collision avoidance in a dynamic context happens daily, it is unknown whether middle-aged children have developed adult-like behaviour of mutually contributing to the avoidance of an approaching walker.
The purpose of the current study was to investigate collision avoidance strategies between adults and children and to determine whether MPD can be used to predict potential collisions in children. It was hypothesized that since children have highly variable behaviours, adults will cross second because it would allow them to see the child pass in front making it safer, reducing the risk of a collision. It was also hypothesized that MPD could predict potential collisions in children, but there would be a smaller clearance distance when on a collision course with another child and a larger clearance distance when on a collision course with an adult due to the threat of injury with someone larger.
Methods:
Participants Eighteen children (10years±1.5, 146.6 cm±11.7, 8 females) and eighteen adults (34years±9.6, 170.7cm±11.1, 11 females) with normal or corrected to normal vision and no known neurological disorders participated in the study ( 
The study was performed in a 9mx9m space with 4 occluding walls that acted as barriers to allow participants to reach steady state locomotion prior to knowing who they were interacting with and from which direction that person was walking ( Figure 1 ). Each experimental session consisted of three children and three adults located at the four corners of the experimental space.
3D kinematic data was recorded using the Vicon system at a sampling rate of 120 Hz. In order to track each participant's movement, they wore helmets containing 4 reflective markers to represent a rigid body unique to each participant's head.
Protocol
Participants were instructed to walk at their normal pace toward the opposite corner while avoiding another walker. One baseline walking trial was completed for each participant to determine individual walking speeds and start locations to ensure interactions between participants occurred on every trial in the center of the experimental space. Participant's walking at a slower walking speed were asked to take 1-2 steps closer from the starting position in order to increase the likelihood an interaction would occur in the center of the experimental space.
Each trial required two participants, not sharing the same diagonal, to reach their opposite corner while avoiding one another. Trials were randomized and included the following MPD was computed at each instant of time(t) such that MPD(t) represented the distance at which the two participants would meet if no speed or path adaptation occurred at that instant in time [7] . For all analyses, trials were separated into the following four groups based on the interaction and who crossed first: 1) adult-adult (AA), 2) child-child (CC), 3) child-adult passing second (CA), and 4) adult-child passing second (AC). Trials were successfully reconstructed from the time individuals first saw one another (tsee) to the time of crossing (tcross). MPD(tsee)
is the initial predicted distance of crossing at time tsee, when participants crossed the occluding walls and could first see one another, MPD(tcross) occurs at dmin, the minimum distance between the two participants at time of crossing. MPD(t) is a positive progression measured from the center of one individual to the center of the other individual. A negative MPD(tsee) means an inversion in walking order occurred such that walker #1 was intended to pass first however stopped to allow walker #2 to pass first.
Inversions of MPD(t), when tsee was negative, were subsequently removed from further analyses. To ensure an adaptation to an individual's collision avoidance strategy occurred, a threshold was determined by subdividing data at MPD(tsee) by 0.1m in ascending order and compared to MPD(tcross). Within each interaction group MPD(tsee) values were subdivided into bins of 0.1m based on ascending MPD(tsee) values ( Figure 2) .
A temporal normalization of the interaction from tsee to tcross was conducted for each trial to enable comparisons. Temporal normalization normalizes the progression of MPD to a percent of time. Adaptations in MPD(t) by the walker passing first (participant #1) were examined relative to the participant giving way (participant #2) [8] . Collision avoidance strategies were analyzed on the normalized reaction phase and avoidance strategies were compared between groups. Contributions to MPD(t) of each walker were revealed by computing the partial derivatives of MPD(t) relative to motion adaptations performed by participants as calculated in Olivier et al. [8] . The partial derivative calculation allowed to determine how much adaption to MPD(t) occurred when speed or path orientation varied between the two walkers. When determining the contribution of each walker, trials were valid when there was a minimum change of 0.05m between MPD(tsee) and MPD(tcross) as anything less would be too small of a change for an individual to change their behaviour.
Statistical Analysis
General linear models were conducted to determine MPD differences and crossing order differences between groups. Any p<.05 was deemed as significant. A paired dependent samples t-test was used to determine whether an adaptation to MPD occurred. Each group's MPD was compared at tsee and tcross to define thresholds. Significant differences between tsee and tcross would infer an adaptation to an individual's speed or path trajectory occurred in order to avoid a collision. Statistical Parametric Mapping (SPM, cf ref Friston) with post-hoc analysis was conducted in order to compare the difference in the evolution of MPD between groups from tsee to tcross. To compare the contribution of collision avoidance between participants during any given trial, an independent samples t-test using SPM were completed. 
Results:

Threshold determination
For the AA interactions, when MPD(tsee) was lower than 0.9m (threshold levels 0m-0.8m), MPD(tcross) values were significantly higher than MPD(tsee). When MPD(tsee) ranged from 0.9m to 1.0m, there was no significant different between MPD(tcross) and MPD(tsee) (p>.05). When MPD(tsee) was 1.1m and greater, MPD(tcross) was significantly higher than MPD (tsee) ( Table 2A) .
For the CC interactions, when MPD(tsee) was lower than 0.7m (threshold levels 0m-0.6m), MPD(tcross) values were significantly higher than MPD(tsee). When MPD(tsee) was 0.7m, 0.8m, and 1.0m there was no significant difference between MPD(tcross) and MPD(tsee).
When MPD(tsee) was 0.9m and 1.1m and above, MPD(tcross) was significantly lower than MPD(tsee) ( Table 2B ).
For the CA interactions, when MPD(tsee) was lower than 0.8m (threshold levels 0m-0.7m), MPD(tcross) values were significantly higher than MPD(tsee). When MPD(tsee) was 0.8m to 1.0m there was no significant difference between MPD(tcross) and MPD(tsee). When MPD(tsee) was 1.1m and above, MPD(tcross) was significantly lower than MPD(tsee) ( Table   2C ).
For the AC interactions, when MPD(tsee) was lower than 0.8m (threshold levels 0m-0.7m), MPD(tcross) values were significantly higher than MPD(tsee). When MPD(tsee) was
0.8m to 0.9m there was no significant difference between MPD(tcross) and MPD(tsee). When MPD(tsee) was higher than 1.0m, MPD(tcross) was significantly lower than MPD(tsee) ( Table   2D ).
Results revealed that walkers adapted their trajectories to increase MPD(t) when MPD(tsee) was lower than 0.9m for the AA trials; 0.8m for the CA and AC trials; and 0.7m for the CC trials. Only trials below each group's thresholds were analyzed and the overall mean ̅̅̅̅̅̅̅ (t) and its time derivative were computed.
Minimum Predicted Distance (MPD)
SPM analysis revealed a significant difference of MPD(t) between groups ( Figure 3A ).
Post-hoc analysis revealed a significant difference throughout the entire evolution of MPD(t) between AA and CC trials (t>2.312, p<.001); AA and CA trials (t>2.283, p=.002); CC and AC trials (t>2.344, p<.001); CC and CA trials (t>2.344, p<0.001). There were also significant differences in the regulation phase of MPD(t) (80% to 100% of the interaction) between AA and AC trials (t>2.299, p=.043) and during the reactive phase of MPD(t) (10% to 80% of the interaction) between AC and CA trials (t>2.30, p=.038) ( Figure 2 ). When comparing MPD(tcross), there was a statistically significant difference of clearance distance between groups (F(3,1)=28.66, p<.001, n 2 =0.156 ). Post hoc analysis showed no significant difference between the clearance distance of CA (MPD(tcross)=0.67m) and AC groups (MPD(tcross)= 0.71m). All other comparisons of clearance distance were statistically different from one another (AA MPD(tcross)=0.77m, CC MPD(tcross)=0.58m).
Derivative of Minimum Predicted Distance (MPD)
SPM analysis revealed a significant difference of the derivative of MPD(t) between groups ( Figure 3B ). Post-hoc analysis revealed significant differences between the observation
A C C E P T E D M A N U S C R I P T
phase (0% to 10% of the interaction) and the regulation phase (80% to 100% of the interaction) between AA and CC trials (t>2.846, p<.001); AA and CA trials (t>2.837, p<.001), CC and AC trials (t>2.863, p=0.002; p<.001), CC and CA trials (t>2.863, p=0.002,p<0.001). There was also a significant difference during the regulation phase (80% to 100% of the interaction) between AC and CA trials (t=2.849, p<0.001).
Contribution to collision avoidance
When determining the contribution of each walker during the interaction (from tsee to tcross), results revealed that both walkers contributed to the increase of MPD suggesting that collision avoidance was mutually performed by both walkers. Nevertheless, contribution of walker #2 to actively avoid a collision was greater than the contribution of walker #1 regardless of the individual (Figure 4 ). There was no main effect of group between children and adults for walker #1 and for walker #2. There were significant differences in the contribution to increase MPD between walker #1 and walker #2 from 0%-15% of the interaction between AA (t>2.828, p=.021); CA (t>2.819, p=.017); and AC (t>2.879, p=0.036). There were also significant differences in the contribution to increase MPD between walker #1 and walker #2 from 50%-100% of the interaction between AA (t>2.828, p<.001); CA (t>2.819, p<.001); and AC (t>2.879, p<.001). The CC trials only revealed significant differences during the observation phase (0% to 10% of the interaction) to increase MPD between the two walkers (t=2.868, p=.032).
Discussion:
The objective of the current study was to investigate the collision avoidance strategies between children and adults. It was hypothesized that children would have smaller clearance distance when on a collision course with another child and would have larger clearance distance when on a collision course with an adult.
A C C E P T E D M
A N U S C R I P T MPD(t) was analyzed from MPD(tsee) to MPD(tcross). By grouping trials according to MPD(tsee) thresholds, behaviours within groups were observed to determine whether an adaptation to MPD(t) occurred. MPD(tsee) thresholds differed based on which walkers were interacting with one another.
Similar to Olivier et al. [7] , when two adults interacted with one another (AA), MPD(tsee) threshold was 0.9m (Figure 2a ). When MPD(tsee) was below 0.9m adults avoided a future collision by increasing the distance between walkers in order to reach an acceptable crossing distance at the time of crossing. However, when one walker was a child, collision avoidance strategies changed. When an adult and child interacted, regardless of crossing order, MPD(tsee) threshold was 0.8m suggesting that a mutual adaptation occurred to avoid a future collision at the time of crossing at a smaller distance. Although the overall progression of MPD(t) is similar between children and adults, person specific characteristics, such as height and body anthropometrics, may be the driving factor causing a decrease in MPD(t) when a child and adult interacted. In addition, anthropometrics may have also played a role when two children interacted with one another as the MPD(tsee) threshold was 0.7m (i.e., adaptation occurred at a smaller distance). Throughout the entire progression of MPD(t) the distance was always smaller when two children interact compared to two adults ( Figure 3A ), most likely due to maintaining one's area of personal space [17] . The idea of personal space, the distance an individual will maintain when circumventing an obstacle (static and dynamic), is related to an individual's shoulder width and thus their relative safety margin. Compared to adults, children are typically smaller in size and consequently they have a smaller shoulder width. A child's relative safety margin may be similar to that of an adult when on a collision course however, the absolute safety margin differs due to the size of the individuals. A smaller individual possessed a smaller When on a collision course with an approaching walker, specific details about the approaching walker is not identified by an individual until the walker is within one's central field of view [18] . Visual acuity or fine detail about the approaching walker, such as face recognition or sex differences, are only identifiable approximately 1m from one another [18] . The only thing individuals were able to recognize at the MPD(tsee) was the size of the approaching individual.
Therefore, it is unlikely the differences in MPD between groups are due to sex differences or familiarity about the two walkers and more so due to the size of the individual or the stage of development.
Middle-aged children may not have a fully developed dorsal stream which is involved with information processing, resulting in a longer time required to process collision avoidance information [19] [20] . Compared to young adults, children have difficulty with perception-action coupling, misjudging passable gaps [19] . A delayed response to avoid a collision may partially explain why MPD(tcross) occurs at a smaller distance when a child is involved, since they are not efficiently synchronizing motor movements with perceptual information about the environment. A delayed response results in a longer adaptation to avoid a potential collision and a smaller overall passable distance between walkers. Since MPD(t) is an absolute measure it is unknown whether an under-developed dorsal stream is causing a difference in MPD(t) or whether it's solely due to body anthropometrics. However, regardless of the overall decrease of MPD(t) when a child is involved, it seems children are able to resolve a potential collision similar to adults.
A C C E P T E D M A N U S C R I P T
In terms of walker contribution, the walker giving way (#2) contributed more to the avoidance than the one passing first (#1), regardless of who was interacting with one another [8] .
An individual's age and size did not change the fact that walker #2 always contributes more to the avoidance of a collision compared to walker #1 during an interaction. Visual attention may play an essential role in determining crossing order of walkers. When an individual is fixated (attending) on the goal ahead rather than the approaching walker, they will cross first [1] .
Alternatively, the individual that crosses second is aware of the approaching walker and gives way to ensure successful collision avoidance. However, gaze data was not collected and therefore we cannot confirm that visual attention determines crossing order.
In conclusion, middle-aged children appear to have developed adult-like strategies in terms of contributing to the successful avoidance of another individual when on a collision course. Middle-aged children are able to adapt to becoming an avoider during a collision course if the situation requires it, indicating proper child motor development. Therefore, collision avoidance strategies are affected by situational rather than personal characteristics (i.e., height [17] ) of an approaching individual [9] . 
